Small-angle X-ray scattering (SAXS) is increasingly used to characterize the structure and interactions of biological macromolecules and their complexes in solution. Although still a low-resolution technique, the advent of high-flux synchrotron sources and the development of algorithms for the reconstruction of 3-D electron density maps from 1-D scattering profiles have made possible the generation of useful low-resolution molecular models from SAXS data. Furthermore, SAXS is well suited for the study of unfolded or partially folded conformational ensembles as a function of time or solution conditions. Here, we review recently developed algorithms for 3-D structure modeling and applications to protein complexes. Furthermore, we discuss the emerging use of SAXS as a tool to study membrane protein-detergent complexes. SAXS is proving useful to study the folding of functional RNA molecules, and finally we discuss uses of SAXS to study ensembles of denatured proteins. 
INTRODUCTION
Small-angle X-ray scattering (SAXS) is a technique that allows the study of the structure and interactions of biological macromolecules in solution. SAXS can be used to probe proteins, nucleic acids, and their complexes under a variety of conditions, from (near-) physiological to highly denaturing, without the need to crystallize the sample and without the molecular weight limitations inherent in other methods such as NMR spectroscopy. The increasing availability of highflux, third-generation synchrotron sources, improvements in detector hardware, and algorithmic developments for data analysis have made SAXS a technique of choice for a range of biological applications. The growing importance of SAXS as a tool in structural biology is reflected in the number of SAXS-related publications per year, which has tripled in the past decade (36).
The basic principle of SAXS is to scatter X-ray photons elastically off molecules in solution and to record the scattering intensity as a function of the scattering angle. Figure 1 shows a schematic of a typical SAXS measurement. The recorded scattering profile provides information about the global structure and conformation of the studied molecules. Historically, SAXS has been used to obtain a few key parameters such as the molecular weight MW, radius of gyration R g , and maximum intramolecular distance D max (34, 37) . Several excellent reviews on the physical principles and theory of SAXS describe in detail how the scattering data can be analyzed and how different parameters can be fit and interpreted (26, 34, 46, 93) . In this review, we therefore focus on more recent developments and novel applications of SAXS and only briefly discuss the basic physical principles to highlight the challenges unique to different experimental targets.
The past decade has seen the development of algorithms that allow ab initio reconstructions of low-resolution 3-D electron density Schematic small-angle X-ray scattering setup for beam line 12-ID at the Advanced Photon Source (APS). The SAXS intensity is typically recorded as a function of momentum transfer q , q = 4π sin(θ )/λ, where 2θ is the total scattering angle and λ is the X-ray wavelength. Details of the measurement setup have been described in References 7, 61, and 83. maps from 1-D scattering profiles (18, 92, 94, 104) , allowing one to obtain structural information beyond simple parameters such as the R g . Recently, Svergun and coworkers have created tools to model molecular complexes from SAXS data if the structures of the individual components are (partially) known from higher resolution experiments (49, 70, 72) . We review these algorithms and recent applications to molecular complexes (see 3-D Reconstructions, below).
Membrane proteins have received much attention for their importance in cell metabolism and as drug targets; however, they lead to significant challenges for most structural techniques (79, 105) . One of the main obstacles is the need to solubilize membrane proteins, which is most often accomplished by micelle-forming detergents. Recent advances in the study of the resulting protein-detergent complexes (PDCs) by SAXS are reviewed (see
Small-angle X-ray scattering (SAXS):
experimental technique that records the scattered X-ray photons from noncrystalline samples (in particular biological macromolecules in solution)
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measure for the overall size of a macromolecule, computed as the weighted average of square center-of-mass distances in the molecule Membrane Proteins and Protein-Detergent Complexes, below).
The discovery in the early 1980s that RNA can act as an enzyme or ribozyme (32) and the more recent realization that RNA not only carries genetic information as mRNA, but is also highly involved in the regulation of that information (64, 87 ) have led to a surge in interest in RNA structural biology. We review the important contributions that SAXS has made to our understanding of RNA folding as well as the current trends in the field (see Nucleic Acids, below).
SAXS has been an important technique for the investigation of the conformational ensembles populated by unfolded proteins under highly denaturing conditions (26, 67 residual structure even under highly denaturing conditions (66, 84) and have seen significant deviations from predictions of molecular dynamics simulations (111) . These results bring up significant outstanding questions regarding our current understanding of the unfolded state (see Unfolded Proteins and Peptides, below).
3-D RECONSTRUCTIONS
The parameters most frequently extracted from a SAXS profile for a biomolecule in solution (which is sufficiently dilute to avoid the effects of interparticle interference) are R g and forward scattering intensity I(0). They are obtained from the Guinier formula
, for small momentum transfer q (q = 4π sin(θ)/λ, where 2θ is the total scattering angle and λ the X-ray wavelength), by plotting ln(I (q )) versus q 2 and fitting the slope and intercept (34, 37). R g is a model free characterization of the molecular size and I (0) can be related to the molecular weight with the relation
where κ is a proportionality constant that can be determined from a measurement of a molecular weight standard (e.g., a protein of known molecular weight and concentration), c is the concentration of the macromolecule, ρ is the average electron density contrast of the molecule, and MW is the molecular weight.
More generally the scattering profile may be written in terms of the distribution function p(r) of intramolecular atomic distances (D max being the maximum intramolecular distance):
p(r) can be obtained from an indirect Fourier transform of the scattering profile, e.g., using the software GNOM by Svergun (91), which employs the regularization procedure of Tikhonov & Arsenin (101) . However, in recent years the use of p(r) to help visualize the molecular shape has been superseded by algorithms that provide a low-resolution 3-D electron density map of the molecule from the 1-D SAXS profile.
Ab Initio Determination of Molecular Shape
Owing to the physical constraint that a biomolecule in general has a rather uniform electron density, Stuhrmann proposed representing the scattering profile in terms of a spherical harmonic expansion of the molecular surface (88, 89, 95) . Determination of the coefficients of the spherical harmonics by a nonlinear, least-squares fitting procedure to the data led to the ab initio determination of the molecular shape. However, in practice this limits the shapes that can be considered to molecules close in shape to a deformed sphere. Molecules with multiple domains and/or cavities cannot be represented in this simple spherical harmonic expansion. In 1998 Chacon et al. (18) showed that models in which the molecular electron density is approximated in terms of an assembly of beads or dummy atoms (represented as point scatterers) can be used to fit to the scattering data. It is advantageous to incorporate physical constraints, such as imposing a uniform density on the interior of the molecule, into the fitting procedure in addition to the experimental scattering data. The fit leads to a multidimensional minimization problem that can be numerically solved by using various Monte Carlo-like procedures. Chacon's method, termed Dalai GA, uses a genetic algorithm (18). Svergun and coworkers have developed DAMMIN (92), a simulated annealing procedure that imposes a compactness criterion, and GASBOR (71, 94) , a program that specializes the DAMMIN routine for the reconstructions of proteins (available online at http://www.emblhamburg.de/ExternalInfo/Research/Sax/ software.html). Walther et al. (104) use a "give'n'take" algorithm in their software saxs3d (available online at http://www. cmpharm.ucsf.edu/∼walther/saxs/). Fujisawa and coworkers (96) have compared these methods.
However, the reconstruction of a 3-D density from a 1-D scattering profile is not unique. Alternative solutions involving structural partners for a given 3-D reconstruction cannot in general be avoided, owing to the lack of phase and angular orientation information inherent in SAXS measurements. Structural partners are bead-model solutions with different geometries that give nearly identical I(q) solutions. Such partners occur most readily for shapes of high symmetry such as cylinders. In practice, it is advantageous to compare and average the results of different reconstruction runs to assess the uniqueness of the solutions and to improve the robustness of the fit. Svergun and coworkers (51, 102) have created a software package that compares models on the basis of a normalized spatial discrepancy criterion and implements an averaging procedure. Another useful software is Situs by Wriggers and coworkers (107, 108) , which is a suite of programs that converts the bead models into standard density map formats and to dock known atomic resolution structures into the reconstructed densities (available online at http://situs.biomachina.org/).
What Are the Limitations of Spatial Resolution for Bead Models?
In order to assess the number of beads that should be used and the spatial resolution that can be achieved in a 3-D reconstruction, the concept of model noise is useful. Kretchetov (53) found that small changes in the bead positions of a given bead model can lead to large changes in the histogram of bead-bead distances [a low-resolution representation of p(r)] at small r. He developed a procedure in which an ensemble of bead models with a fixed number N of beads for a molecule of given shape is generated. For each member of the ensemble, N beads are placed randomly within the shell with an average spacing a bead−bead corresponding to the bead density for a given N. An ensemble of I (q ) functions may then be generated from the ensemble of bead models, and a mean I (q ) and variance can be evaluated. By comparing the variance of the model as a function of q with the variance of the experimental I ex (q ), an optimal value of N can be determined that is justified by the data. Use of a larger number of beads would not be justified because the model noise would then be smaller than the data noise. Similarly use of too few beads would lead to model noise bigger than the data noise. The resulting mean bead spacing, a bead−bead , provides an estimate of the spatial resolution of the model. In practice the effective resolution of bead models derived from experimental SAXS data can vary from ∼5Å in the case of small molecules (R g 15Å), with data having a good signal/noise ratio, to ∼15Å for larger molecules (R g ≈ 75Å). showed that the molecule has an overall broom shape in which the coiled-coil handle extends some 108Å from the DNA binding domain. On the basis of this shape information, a low-resolution model was assembled by associating the shape of the lambda repressor DNA binding domain, and a coiled-coil handle modeled from the known structure of collagen (see Figure 2) . Models of this type, while speculative, are useful for forming hypotheses about the function of the given molecule. In this case the sequence of the distal end of the coiled-coil handle domain contains an actin binding sequence, leading to the hypothesis that the cytoskeleton is involved in the switching mechanism of the enzyme.
Examples of Ab Initio Determination of Molecular Structures
Other examples of applications of ab initio structure modeling include a combined SAXS and crystallography study of β-mannosidase (2), two (somewhat conflicting) studies of lipoxygenases (22, 38), work on the oligomerization and ligand-binding-associated conformational changes of the two retinoic acid receptors RXR and RAR (30), and a characterization of tropomodulin (31). Recent applications to the reconstruction of RNA structures are discussed below.
Modeling of Molecular Complexes from SAXS Data
An important challenge in structural biology is the determination of the quaternary structure of molecular complexes. Svergun and coworkers have created a suite of programs for the modeling of molecular complexes that incorporates different kinds of a priori information (http://www.emblhamburg.de/ExternalInfo/Research/Sax/ software.html). Molecular modeling is generally greatly facilitated if prior knowledge from different techniques can be incorporated. In particular favorable cases, high-resolution structures for the components of a quaternary complex are available. The programs ASSA and MASHA (49, 50) can be used for manual rigid-body manipulation of the components. An automated rigid-body fitting procedure that incorporates different kinds of geometric constraints from prior knowledge is described in Reference 72. It is also possible to combine rigid-body fitting with ab initio reconstructions for cases in which high-resolution structures are partially available but parts of the complex (e.g., flexible linkers) are missing.
An example of this type of modeling is the work of Costenaro et al. (21) on the solution structure of the full length DNA gyrase A subunit. DNA gyrase from Escherichia coli consists of two subunits, GyrA (97 kDa) and GyrB (90 kDa), the active enzyme being a heterotetramer A2B2. The subunit GyrA consists of two domains: an amino-terminal domain of 59 kDa (GyrA59) whose structure is known from crystallography (68) and a carboxyl-terminal domain of 38 kDa (GyrA-CTD). GyrA59 contains the active-site tyrosine (Tyr122) residues responsible for the cleavage and religation activity of gyrase. Its structure shows a heart-shaped arrangement with two dimer interfaces (see blue domain in Figure 3 ). The amino-terminal interface forms a positively charged saddle-like surface with the two active-site tyrosines lying near the center. This surface is thought to be the binding region for duplex DNA (the G segment) and to form the DNA gate. The authors use the 3-D reconstruction algorithms GASBOR and CREDO (70) to obtain lowresolution models of the full-length A subunit. In doing so they generate a number of structural partners. To help obtain a consensus solution, they fix the known structure of the GyrA59 domain and use CREDO to refine the bead model for the carboxyl-terminal domain. (In GASBOR and CREDO each bead GyrA solution structure (reprinted from Reference 21 with permission from Elsevier). The model obtained with CREDO is represented as a surface with the fixed GyrA59 structure (blue) (68) and the added densities for GyrA-CTD on both sides (orange). The active-site tyrosines are colored in yellow and the GyrA59 carboxyl in green, shown in space fill, and indicated by arrows in (a). The surface was built from a sphere radius of 5Å for each residue. The GyrA59 crystallographic structure is shown in blue ribbons. The red ribbons represent the six-bladed β pinwheel domain of one GyrA-CTD (carboxyl-terminal domain), modeled from a homologous crystallographic structure (20) and fitted into the density added by CREDO. The views (a-c) are from (a) front, (b) side, and (c) bottom. The x axis is in red, y in green, and z in blue; their length is 10Å.
corresponds to a residue. However, there is no sequence information, so the bead positions only give a correct average residue density without locating specific residues.) From the resulting model (see Figure 3 ) the authors conclude that the position of the carboxylterminal domain strongly suggests a large conformational change of the enzyme for wrapping the DNA on binding for supercoiling. Other recent examples of model building for molecular complexes include a study of the hepatocyte growth factor/scattering factor (33) and a combined SAXS and crystallography study of the Ca 2+ /calmodulin-dependent protein kinase II (75) .
The Problem of Incorporating Sequence Information into 3-D Reconstructions Obtained from SAXS Data
It is tempting to assume that knowledge of the sequence of a protein is sufficient to assign the beads used in the reconstruction to specific residues in the protein. However, this is not the case. SAXS yields a histogram of pair distances, but the identities of the pairs contributing to a given bin of the histogram are not known (unlike in the case for NMR data). Zheng & Doniach (113) evaluated the use of SAXS data to filter candidate models generated from ab initio protein structure prediction algorithms. The SAXS data provide significant spatial constraints that allow the rejection of large numbers of false positives. However, the overall improvement in the success rate for ab initio structure prediction was found to be limited. Recently, Ma and coworkers (109) have reported the use of SAXS data as a weak guiding constraint in protein folding simulations of small helical proteins. A major hurdle to structural studies is the need to solubilize membrane proteins (105) . Micelle-forming detergents are routinely used to encapsulate the hydrophobic transmembrane regions of the protein and to act as a mimetic of the cell membrane. This detergent sheath in the PDC adds considerable complexity to structural studies of membrane proteins, as each step in preparation, purification, and characterization of the proteindetergent conditions needs to be optimized to ensure solubility. In particular, the presence of detergents complicates crystallization attempts, making it difficult to obtain goodquality crystals for X-ray crystallography. Furthermore, the added molecular weight from the detergent layer as well as proteindetergent interactions make NMR studies of membrane proteins challenging (79) . SAXS (28, 43, 112) and small-angle neutron scattering (SANS) (6, 10, 42, 57, 100) have been used extensively to characterize the shape, size, and interactions of empty detergent micelles, lipid vesicles (11, 13) , and selfassembled lipid-protein nanodiscs (25). The approach in these studies has been generally to model the scattering intensity using simple geometric shapes, such as two-component spheres (42), ellipsoids (6, 10, 28, 57), or cylinders (112), whose parameters are fit against the experimental data. Some of the studies have included finite-concentration interparticle interference effects, explicitly using simple models for interparticle interactions (39, 41).
MEMBRANE PROTEINS AND PROTEIN-DETERGENT COMPLEXES
A major challenge in the study of PDCs by SAXS is the need to separate the scattering signal from the PDC from that of the empty micelles that are also present in solution (see Figure 4) . Several strategies have been Schematic of a SAXS experiment to determine the scattering profile of a protein detergent complex (PDC). The scattering profiles of the detergent micelles (left) and of the protein-detergent mixture (middle) can be measured directly. The scattering profile of the PDC (right) has to be inferred using one of the approaches described in the text.
employed to deconvolve the PDC and micelle contributions.
Density Matching
One approach to separating the PDC and micelle scattering signals is to match the scattering density of the solvent to that of the detergent, such that the detergent micelles become invisible to the scattering experiments. These density-matching approaches were pioneered by Stuhrmann and coworkers in the 1960s and 1970s in SANS studies of globular proteins (90), lipids (45), and ribosomes (69 (14) have used sucrose solutions of different concentrations for density matching in SAXS experiments. They determined the R g and the molecular weight of a model membrane protein system comprising human erythrocyte glycophorin A fused to the carboxyl terminus of monomeric staphylococcal nuclease in DDMAB micelles (14) . However, density matching is far more difficult to achieve for SAXS than for SANS (90), as the relevant quantity in X-ray scattering is the electron density contrast, which is difficult to adjust without severely perturbing the biological system under study. Therefore, density matching in SAXS studies is limited to detergents that have a scattering contrast close to that of water.
Subtracting Micellar Scattering
A different approach to separating the contributions from PDC and micelle scattering is to record a scattering profile of the same detergent concentration in the absence of protein, which can be used to subtract out the conScattering contrast: the scattering density (the electron density in the case of SAXS) of the macromolecule relative to that of the solvent tribution of the detergent micelle scattering. However, as an a priori unknown fraction of the detergent molecules becomes part of the PDC in the presence of protein, the concentration of empty detergent micelles will be different in the presence and absence of protein. This mismatch complicates the subtraction of the micelle contribution.
One strategy to achieve correct subtraction of the micelle signal is to extensively dialyze the sample against a buffer of known detergent concentration to ensure a fixed concentration of detergent micelles. Loll and coworkers (62) used this approach in light scattering studies. Extensive dialysis can be problematic, however, as for each PDC dialysis conditions need to be optimized and several days of dialysis are required.
Our lab (19, 59) has recently developed an approach that relies on considering two different limits for the background subtraction that provide an upper and lower bound for the forward scattering intensity I (0) and R g . This approximate treatment allows us to bracket the I (0) and R g of the PDC. In a recent study of eight integral membrane proteins from Thermotoga maritima in 11 different detergents, we found that the upper and lower bounds are close for 70-80% of proteindetergent combinations. In these cases reliable estimates could be obtained (70) for R g and the protein oligomerization state. The advantage of this approximate treatment is that the R g and the protein oligomerization state can be obtained from a single measurement of the protein sample without the need for dialysis. This approach is, therefore, well suited for high-throughput screening. However, it suffers from several shortcomings: (a) It works poorly for strongly scattering detergents; (b) it does not take into account particle interference effects; and (c) it only yields an approximation to the PDC scattering in the low-angle Guinier region, but fails at intermediate scattering angles, as most micelles have a characteristic scattering peak in this region (cf. red micelle scattering profile in Figure 4 ).
Singular value decomposition (SVD)
: factorization of a rectangular matrix that generalizes matrix diagonalization Riboswitch: an RNA molecule that regulates gene expression through conformational changes induced by small-molecule ligand binding
Analysis of the PDC Scattering by Singular Value Decomposition
To address these shortcomings, we have developed a different approach that employs singular value decomposition (SVD) of scattering data collected at different (about 6 to 10) protein-detergent stoichiometries and a global fitting procedure (59). This approach is applicable even to strongly scattering detergents and determines the PDC scattering profile over the entire recorded momentum transfer range. Interparticle interference effects due to finite concentration are currently treated to second order in the PDC and micelle concentrations.
The determination of the full PDC scattering profile through SVD analysis of measurements at different protein-detergent stoichiometries provides information about the global shape and interactions of the PDC that is complementary to data obtained from NMR measurements (35). We anticipate that molecular modeling using input from both NMR and SAXS measurements will allow for more accurate membrane protein structure determination as well as a better understanding of protein-detergent interactions. Finally, knowledge about the interactions of PDCs in solution could help researchers to design better crystallization conditions (27, 65).
NUCLEIC ACIDS
The discovery of catalytic activity in RNA molecules by Cech, Altman, and coworkers in 1982 (32, 55) has led to considerable interest in the structure-function relationships of RNA molecules in biology. Furthermore, it is becoming clear that previously unknown RNA machinery, specified in the noncoding regions of the genome, is essential for controlling expression of genes. An example of such newly discovered RNA machines are riboswitches (64, 87) . As in the case of protein science, X-ray crystallography is a powerful tool for RNA science. However, crystallography cannot be applied to fluctuating ensembles of unfolded or partially folded conformations. SAXS is one of the principal tools for obtaining low-resolution structural information on the conformations of folding intermediates of RNA molecules. At present the literature on these intermediates is confined mainly to the measurement of the R g and the pair distribution function p(r).
We have recently shown that 3-D reconstruction algorithms developed for protein systems can be applied successfully to RNA (58). Figure 5 shows an example of an application of DAMMIN to RNA of a known crystal structure. The P4P6 domain of the Tetrahymena group I intron ribozyme has been reconstructed from scattering data. As may be seen from the figure, the shape determined from the 1-D SAXS measurements coincides well with that determined from the crystal structure (17) . The availability of algorithms for 3-D reconstructions of RNA molecules from SAXS data enables researchers to obtain 3-D structural information on folding intermediates (60).
A complementary tool for structural studies of RNA folding intermediates has been hydroxyl radical footprinting (12, 56) , in which the degree of solvent exposure can be assessed with single-residue resolution. Fenton chemistry or synchrotron radiation is used to generate hydroxyl radicals that cleave the RNA backbone. The amount of cleavage at each position in the RNA molecule is read out by gel electrophoresis and storage phosphor imaging of the radiolabeled RNA. Taken together, SAXS and hydroxyl radical footprinting are opening the way for detailed modeling of the RNA folding process and of its functional conformational changes.
The Forces that Drive RNA Folding
As RNA and DNA are highly negatively charged as a result of the phosphate-sugar backbone, the stabilization of compact RNA requires the presence of counterions that screen and neutralize the Coulomb repulsion due to the backbone. It has long been recognized that RNA folding proceeds differently from protein folding in that the secondary structure of RNA is already formed when the RNA chain is annealed at relatively low salt concentration (on the scale of 50 mM NaCl) at 50 to 90
• C. In this initial stage the RNA has an extended conformation as a result of the poorly shielded strong electrostatic repulsion between the phosphates. Upon addition of millimolar concentrations of divalent counterions such as Mg 2+ (106) (or molar concentrations of monovalent counterions in some cases), the RNA adopts a more compact conformation and, in the case of ribozymes, eventually folds to a functional catalytic state.
A model system approach to studying the effects of counterions was carried out by Bai et al. (4) , who used SAXS to measure the salt dependence of the ensemble of conformations of a pair of 24-mer DNA duplexes tethered together by a short polyethylene glycol chain. While the strong shielding power of divalent counterions relative to that of the monovalents was seen in these measurements, the possible counterion-induced attraction, well known for higher valence polyamines inducing DNA condensation, was not induced by the addition of Mg 2+ within the accuracy of the measurements.
Use of SAXS to Characterize RNA Folding Intermediates
Russell et al. (76) (77) (78) used time-resolved SAXS to study the time course of compaction of the group I intron ribozyme from Tetrahymena. It was found that several stages could be identified along the folding pathway and could be correlated with structural intermediates that had been studied using hydroxyl radical footprinting by Brenowitz and coworkers (80) . The initial collapse was measured to take place on a timescale of a few milliseconds and led to a compact intermediate state. This initial collapsed state lasted for times on the order of 100 ms before further folding took place, leading eventually to a functional state on a timescale of about 100 s. The initial collapse can be triggered by high concentrations of monovalent ions (roughly 1M KCl); however, the fully functional state could only be attained by adding millimolar magnesium concentrations.
A subsequent SAXS measurement of a quintuple mutant designed to destabilize the tertiary contacts present in the folded state of the ribozyme (23) showed that collapse to the initial compact intermediate upon addition of salt occurs even in the absence of these specific tertiary interactions. The experiments led to Anomalous small-angle X-ray scattering: a variation of the SAXS technique that exploits the change in scattering properties with photon energy around atomic resonances the conclusion that the initial compaction is a result of nonspecific shielding of the Coulomb forces by the added counterions. The subsequent compaction on the timescale of 100 ms, however, is suggested to be stabilized partly by tertiary hydrogen bond contacts that are not present in the mutant case. From a SAXS measurement point of view, the fully compact folded state could be achieved by a high concentration of monovalent salt. However, crystallographic studies have shown that the occupation of six specific magnesium binding sites is necessary for the catalytic functionality of the ribozyme. Thus, in addition to the shielding of the Coulomb forces by the counterion atmosphere, specific magnesium binding is needed to stabilize the fully functional conformation of the ribozyme.
In a recent study by Sosnick and collaborators (5) the use of SAXS, partial nucleolysis, and circular dichroism led to the structural characterization of a folding intermediate for the specificity (S-)domain of the Bacillus subtilis RNase P ribozyme. The crystal structure of the fully folded state of this domain of the ribozyme contained four tertiary structural modules: a rigid core, a four-way junction, a tetra-loop receptor, and an unusual motif involving two tertiary interacting loops (52). In the thermodynamic folding pathway, which was studied by titration against Mg 2+ , a structural intermediate I eq was populated. The size and shape of the native and I eq intermediate structures are characterized by SAXS measurements. The R g and p(r) for the native structure obtained from SAXS are in good agreement with those calculated from the crystal structure. The R g for the intermediate is 8.8Å bigger than that for the native (32.2Å), and p(r) analysis indicates that I eq has a more extended shape (a maximum dimension of 135Å) compared with the native structure (110Å). Starting with the atomic model of the native state obtained from crystallography, Sosnick et al. have generated a candidate structural model for I eq by a series of molecular mechanics transformations. In order to achieve a R g value that approaches that measured by SAXS, modular rearrangements require that both the P 10.1 and the P 12 duplexes are extended in opposite directions. The possible alternative structures within this value of R g are limited so that the authors are able to conclude that the global arrangement with P 10.1 and P 12 splayed out in opposite directions is the major structural feature consistent with the SAXS and hydroxy radical data for I eq.
Exploring the Thermodynamic Landscape of a Riboswitch
In a SAXS study of the structural intermediate for a glycine riboswitch, Lipfert et al.
(60) mapped out the conformational landscape of the molecule as a function of both Mg 2+ and glycine concentrations. Going from low salt conditions to high Mg 2+ (10 mM) conditions, the molecule underwent a partial folding transition associated with significant conformational changes and compaction. The addition of glycine in the presence of millimolar Mg 2+ led to further conformational changes and compaction upon glycine binding. Thermodynamic modeling indicated that the second transition from the conformation in high Mg 2+ alone to the glycine-bound state required the association of additional Mg 2+ ions. Using 3-D reconstruction algorithms, low-resolution models of all three thermodynamic states (the low salt or unfolded state, the compact intermediate, and the fully folded and glycine-bound state) could be obtained.
Use of Anomalous SAXS to Study the Distribution of the Ion Atmosphere
In the dilute limit, where SAXS is not complicated by interparticle interference, Das et al. (24) used anomalous SAXS to study the radial distribution function of counterions around a small DNA duplex. By using the anomalous absorption edges at 15.1 keV for monovalent rubidium, and 16.1 keV for divalent strontium, Das et al. saw the change in radial distribution functions between the monovalent and divalent ion atmospheres around a DNA duplex. As expected from Poisson-Boltzmann (PB) theory, the radial distribution function is much more compact for the divalents (typically falls off on the scale of the Bjerrum length of around 7Å) than for the monovalents, which is determined by the Debye screening length, inversely proportional to the square root of the ion concentration. In a follow-up study, however, systematic deviations from simple PB theory were observed (1). These deviations likely stem from ion size and correlation effects, which are neglected in the mean-field PB treatment.
UNFOLDED PROTEINS AND PEPTIDES
The study of unfolded ensembles of proteins is of interest for several reasons. Fundamentally, the unfolded ensemble constitutes one half of the protein folding paradigm; any description of protein folding therefore must include the unfolded state. Furthermore, an increasing number of proteins are natively unfolded (29). These natively unfolded proteins are involved in a range of cellular functions and often become folded when in contact with a substrate that may be a another protein, peptide, nucleic acid, or lipid vesicle. Finally, unfolded or misfolded proteins are involved in a range of pathologies, such as amyloid formation in neuropathologies (40).
Evidence for Random Coil Behavior
The majority of expressed proteins are naturally folded in solution and can be unfolded by the addition of denaturants, generally urea or guanidine hydrochloride (GuHCl), raising the temperature (or lowering it in the case of cold denaturation), or various other means. Early measurements of intrinsic viscosity and optical dispersion of proteins in 6 M GuHCl by Tanford et al. (98, 99) suggested that unfolded proteins behave as random coils and retain no elements of their native conformation. In agreement with these early results,
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GuHCl: guanidine hydrochloride recent systematic SAXS studies of denatured proteins (16, 47, 67, 73) found that the R g depends on chain length (number of residues N), as expected for a self-avoiding random walk:
Here the exponent ν is close to ν = 3/5, consistent with Flory's theory. However, the prefactor A, which is empirically of the order 1.9Å, seems anomalously small since it is expected to measure the persistence length of the polypeptide chain, which by Flory's estimate should be on the scale of 6 to 8Å.
Residual Structure and the Reconciliation Problem
In contrast, recent NMR studies suggest that even highly denatured proteins have considerable residual structure, possibly even encoding native-like topology (86). Kristjansdottir et al. (54) observed long-range interactions in denatured acyl coenzyme A binding protein at a variety of denaturant concentrations using paramagnetic relaxation enhancement studies, which are similar to interactions present under native conditions, though they become weaker as the GuHCl concentrations are increased. The apparent contradiction between significant amounts of local structure and global random coil behavior is the socalled reconciliation problem (66, 74) . A similar apparent contradiction was observed in studies of the 11-residue, poly-alanine model peptide XAO. XAO is essentially too short to fold even under nondenaturing conditions. Using spectroscopic studies, Shi et al. (85) suggested XAO has significant polyproline II (PPII) structural content. In contrast, molecular dynamics simulations predict significant α-helical content for most standard force fields (111) . However, both PPII and α-helical conformations are irreconcilable with the R g of 7.4 ± 0.5Å determined by SAXS (111) . In a combined NMR and simulation study Scheraga and coworkers (63) found XAO to populate a conformational ensemble consistent with the R g value Kratky plot: representation of scattering intensity weighted by the momentum transfer squared from SAXS, for which the PPII conformation is only one of many conformational states.
Two recent studies proposed methods to generate unfolded protein ensembles in Monte Carlo procedures by sampling backbone dihedral angles from loop regions of proteins in the Protein Data Bank (8) and by imposing additional excluded volume constraints (9, 44). Bernadó et al. (9) proposed a model for the partially folded nucleocapsid binding domain of Sendai virus phosphoprotein in agreement with residual dipolar coupling and SAXS data. Jha et al. (44) generated models for a range of proteins. Their models contain significant amounts of local backbone structure, in agreement with residual dipolar coupling data, but remarkably also fit the global scaling law for the R g versus number of residues given by Equation 3 , with values for the constant A of the order 1.9-2.4Å. Interestingly, their models do not display evidence of native-like topology.
SAXS as a Tool to Test Models of Unfolded Protein Ensembles
It seems likely that further work using the entire recorded q-range of SAXS profiles of highly denatured proteins (going beyond R g measurements) to test different models of unfolded proteins would help to resolve some of these differences and to provide a more stringent test of models than simple scaling laws alone. Early SAXS studies of the refolding of cytochrome c by Segel et al. (81, 82) indicated that at high GuHCl concentration the SAXS data shows a typical rising tail in the Kratky plot (a plot of q 2 I as a function of q), characteristic of a random coil (26). However, on lowering the GuHCl concentration, the Kratky plot started to show evidence of a more compact state, even though the R g had not changed appreciably. Preliminary results for the XAO peptide indicate deviations of the SAXS profiles computed from the ensemble generated by Scheraga and coworkers and of the measured SAXS profiles at high q. There is a general tendency for models of unfolded protein ensembles to systematically underestimate the scattering intensity in the high q region of SAXS measurements (110; J. Lipfert & S. Doniach, unpublished results). It will be important to determine whether these deviations are due to shortcomings of the model ensembles or to an inaccurate treatment of solvent scattering for the unfolded protein structures.
OUTLOOK
The availability of high-brilliance X-ray sources is going to substantially increase in the near future, with the ongoing construction of the new synchrotron facilities Diamond in the United Kingdom (http://www. diamond.ac.uk/default.htm) and Soleil in France (http://www.synchrotron-soleil.fr/) and upgrades to, among others, the DESY/HASYLAB facility in Germany and to the Advanced Photon Source, Stanford Synchrotron Radiation Laboratory, and Advanced Light Source SAXS beam lines in the United States. Since radiation damage is already a limiting factor for measurements at state-of-the-art third-generation synchrotron beam lines, higher X-ray flux is primarily beneficial for time-resolved measurements.
Many macromolecules of biological interest are difficult and costly to make in large quantities; therefore, reducing the sample volumes required for SAXS measurements is an important concern. Currently, measurements with ≈15 μl are possible (61) and further miniaturization seems feasible. Equally important are further automation of sample loading and data analysis procedures, as at high-flux synchrotrons these steps already take significantly longer than the actual scattering measurement.
New algorithms, such as the 3-D modeling programs described in this review, are helping to automate the interpretation of the data and to maximize the information that can be extracted from a SAXS profile. The integration of data from different techniques [such as NMR (35) 
